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In large heterogeneous molecular systems a minor fraction of molecules that is situated 
near interfaces and interact with the surrounding, is responsible for a wide range of 
physical, chemical or biochemical phenomena. The goal of this thesis is to understand how 
intermolecular interactions at an interface alter the behavior of interfacial molecules and 
how those interactions affect the behavior of the overall system. This chapter introduces 
two different classes of molecular interfaces, as well as discusses the motivation for our 
investigations. This Introduction also gives some background on the selected systems and 
formulates the objectives of our studies. The experimental techniques used are also 






1.1. Molecular interfaces 
When a molecule approaches another one of a different type - what happens? And 
what are the consequences for other molecules in the vicinity? In this thesis, such 
questions will be discussed and even occasionally answered in different contexts. 
Our objective is to develop an understanding of how intermolecular interactions at 
interfaces affect the properties and behavior of such molecules.  
Chemical reactions, unidirectional energy transfer, and charge separations are 
only a few examples among numerous physical, chemical, and biochemical 
phenomena that occur specifically at molecular interfaces. We will limit our focus 
to two quite different classes of systems: hydration shells of amphiphilic 
molecules,1 and blends of conjugated polymers2 with organic acceptors. What 
these two classes have in common is that the essential properties of both systems 
are closely linked to their evolution in time, i.e. ‘dynamics’. Interface-associated 
processes are exceptionally important to these systems since they account for the 
major part of their dynamics.  
The main challenge in research on interfaces-specific processes originates from 
the spatial and temporal scales at which such processes occur. Interfaces between 
molecules are always relatively small microscopic parts of larger molecular 
systems. At the same time, most of the instruments a scientist utilizes provide 
macroscopic information averaged over an ensemble much larger than a single 
interface. Therefore, the major issue appears to be the separation of the interface-
specific processes from those in the “bulk” phase. Additional challenges emerge 
from the extremely fast time scales of the relevant processes. At the molecular 
level, most of equilibration processes occure faster than in a few ns (1 ns = 10-9 s). 
This calls for the application of “ultrafast techniques” because even a spatially-
narrow but temporally-slow probe cannot directly provide clear microscopic 
information due to the spatial delocalization of the observed process, for example 
out of the interface region. 
What makes ‘interface puzzles’ even more complex and more interesting, is the 
fact that properties of molecules at an interface are affected by each other. This is 
closely connected to the nature and strength of the intermolecular interactions at 
the interface. As a first approximation, interfaces can be treated as distinct 
boundaries between two homogeneous non-interacting media.  While looking 
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appealing due to its simplicity, in most cases such a ‘naïve’ treatment does not 
work. Many unusual and exciting effects observed at the molecular interfaces 
originate from the specific intermolecular interactions emerging when one 
molecule approaches another. This thesis illustrates that an interface layer of 
molecules behaves dramatically different from ‘bulk’ materials. Particularly, we 
will show that the strength and nature of intermolecular interactions have 
significant impact not only on the structure but also on the dynamics of the 
molecular systems.   
1.2. Hydration shells of (bio)molecules 
In this section we will discuss specific properties of water emphasizing its role as a 
solvent in chemistry and biology. We will also introduce ultrafast spectroscopy - 
the tool which can provide selective information about dynamics of interface-
bound water at ultrafast time scales.  
1.2.1. Water in the living cell  
The large variety of bio-machinery found in living cells, including a diversity of 
proteins, membranes and other macromolecular assemblies, is designed to work in 
a water environment. For this reason water is usually referred to as the ‘matrix’ of 
life.3 Interaction of water molecules with each other and with dissolved species 
(solutes) is the driving force behind the self assembling of lipid membranes, 
peptide ternary structure formation, and protein folding dynamics.4-6 Apart from 
this, water is en essential building block of biological macromolecules, contributing 
up to 10% of their “dry mass”.1 Water also lubricates the motion of biomolecular 
motors,7,8 and acts as a heat- and charge-transport9 agent in numerous chemical 
and biochemical reactions.10 
Although the H2O molecule looks quite simple, water displays a vast number of 
anomalous properties in its liquid phase, which gave rise to many mystifications 
and speculations on water in the past11, 12 Most of those ‘peculiar’ properties 
originate from the exceptional ability of water to form as many as 4 hydrogen 
bonds per one small H2O molecule. These hydrogen bonds originate from 




of a water molecule and the electropositive hydrogen of another water. 13 The 
multitude of hydrogen bonds in liquid water leads to formation of a dense and 
flexible 3-dimensional molecular network in which every H2O is bound to its 
neighbors and, therefore, behaves more collectively then individually. 
In a biological context the structure and behavior of water is more complex than 
in the pure liquid phase. Due to enormous crowding in the cell cytoplasm, the 
aqueous environment of the cell is dramatically different from that of the bulk 
water.14, 15 Hydrogen-bond networks are modified by the presence of hydrophilic 
and hydrophobic parts of the biomolecules, small and large amphipilic solutes, 
solvated ions, and other biologically relevant molecules. This leads to the 
anchoring of water to the ionic and hydrophilic sites, bond truncation, and 
substantial overall restructuring of the aqueous environment. 
The effect of a solute on the surrounding water is not simply structural. In the 
last decades more and more studies showed that the dynamics of the hydrogen 
bonds is affected even more than the water structure.16-18 For instance, in some 
cases, water in the hydration shell can be substantially immobilized or even 
‘frozen’ by the interaction with the solute.16 Such a dramatic change in the 
dynamics seems to have important implications for the energy and charge transfer 
through the water media as well as for water-mediated chemical and biological 
processes. In contrast to the structural rearrangements, the dynamics of hydrating 
water were not well studied until recently, because no tool existed which could 
probe the ultrafast dynamics of a hydrogen-bond.   
1.2.2. A molecular picture of water  
Being one of the most enticing subjects of research through the history of science, 
water has been profoundly studied by various structural methods. A water 
molecule consist of one oxygen atom covalently linked to two hydrogen atoms that 
are displaced from the oxygen by about 0.1 nm, with an angle between the 
covalent OH bonds of 105 degrees.19 Water molecules are polar due to the 
negatively charged oxygen atom and the positively charged hydrogen atom. The 
large dipole moment of water makes it a good solvent for ions and other polar 
molecules. In the aggregated phase each H2O molecule can form four hydrogen 
bonds to its neighbors. However, due to structural disorder in the liquid phase, 
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~13% of hydrogen bonds become broken which result in ~3.5 bonds per H2O 
molecule.1 The hydrogen bonds between water molecules possess directional 
character which, on one hand, keeps H2O molecules at an ‘arm’s length’ 
preventing them from packing more closely and, on the other hand, dictates their 
specific spatial conformation. The coordination geometry of H2O in the solid ice 
phase is tetrahedral.20 In the liquid phase, the geometry keeps a similar 
configuration (fig. 1-1a) but acquires substantial distortions and defects in the form 
of broken (undercoordinaed molecule) or bifurcated (overcoordinated molecule) 
hydrogen bonds.21 The latter seem to be essential for the dynamics of water 
because they serve as transient states in the reorientation of water molecules.22          
The structure of the aqueous environment fluctuates and reorganizes on 
multiple time scales from 10 fs to 10’s of ps (1 ps = 1000 fs = 10-12 s).23 The fastest, 
sub-100 fs, dynamics corresponds to the librations - combined vibrational-
rotational motions that are essential features of water dynamics.24, 25 The sub ps 
dynamics also include oscillation of hydrogen bonds (~200 fs) and more 
pronounced translational movements of H2O molecules.26 Dynamics on the ps (and 
longer) timescale correspond to large scale (collective) reorganizations in the 
hydrogen-bond network.24,25 Quite exceptionally, the reorientation of water 
molecules occurs not in Brownian-like small diffusional steps but in relatively 
large (~60o) and quick (~200 fs) angular jumps.27 Such jumps can occur only as a 
result of a concerted process in which a hydrogen bond to an overcoordinated 
water molecule is broken and another hydrogen bond is made to some 
 
Figure 1-1. (a) “Tetrahedral ordering” of water in the liquid phase. Arrows show hydrogen 




neighboring undercoordinated molecule (fig. 1-1b).22 This mechanism produces a 
number of peculiarities in the water dynamics, for instance, the unexpectedly low 
orientational mobility and the strong coupling between translational and rotational 
degrees of freedom of H2O molecules.    
1.2.3. Water as a solvent 
Based on the nature of the water-solute interaction, hydration falls into two 
different cases – hydrophilic and hydrophobic. Hydrophilic hydration occurs 
when the solute molecule is polar i.e. possess a dipole moment. The simplest 
variant of hydrophilic hydration is the solvation of ions.  When the ion is 
negatively charged, H2O molecules reorient in a way to expose one of the 
hydrogen atoms to the ion.(fig. 1-2a) The effect of water restructuring hardly 
extends outside the first solvation shell.28, 29 At the same time, inside the solvation 
shell the orientation/translational mobility of water appears to be dramatically 
inhibited.29 If the ions are positively-charged, water restructures with the oxygen 
part of the molecule pointing to the ion (fig. 1-2a). In this case, the water-solute 
interaction is applied to the shorter “arm” and the effect on the mobility of the 
molecules is much smaller.30, 31 
 Larger hydrophilic solutes usually have one or more charged (ion-like) groups 
as a part of their structure. In addition to electrostatic interactions, the effect of 
hydrogen-bond network truncation and “excluded volume” effect (some water 
molecules are expelled from their favorable positions) start to influence 
 
Figure 1-2. Schematic representation of the first solvation shell in the case of hydrophilic 
solvation of ions (a) and in the case of hydrophobic solvation (b).  
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significantly the structure and dynamics of aqueous environment. As the size of 
the solute grows, the water network becomes more and more disturbed. Due to its 
complexity, each particular case of hydrophilic hydration of large molecules 
should be examined individually. One particularly interesting example is the 
hydration of lipid surfaces of biological membranes.32 Water in the solvation shell 
of membranes to a large extent governs their structural fluctuations and provides 
an environment for the complex biochemistry of the membrane-bound proteins.  
This introduces a number of important questions about specific properties of 
membrane-bordering water, its homogeneity, mobility, and solidness of the 
hydrogen-bond network. 
Hydrophobic hydration takes place when the solute is a nonpolar molecule. The 
situation when the solute is purely hydrophobic is not particularly interesting 
because such a molecule will tend to be almost insoluble in water, only slightly 
changing the overall aqueous environment. In most chemically and biologically 
relevant cases, the repulsion between water and a hydrophobic (nonpolar) entity is 
not a property of the entire solute molecule but only of a part of it. Molecules that 
contain both hydrophilic and hydrophobic domains are called amphiphilic. 
Because water molecules prefer to be surrounded and interlinked with other water 
molecules and not with a solute, hydrophobic hydration effectively generates a 
mutual attraction between  hydrophobic moieties in aqueous environments.33 This 
phenomenological “hydrophobic force” plays an important role in the 
organization and behavior of biological systems, for example, folding of proteins, 
the formation of membrane bilayers and the binding of enzymes to substrates.34 
 It is not known yet, whether there is a single mechanism behind the 
hydrophobic force. However, it is clear that the hydrophobic interaction is closely 
related to the effects of hydrophobic moieties on the structure and dynamics of 
liquid water. Using thermodynamic measurements, it was found that the 
introduction of a hydrophobic group in water is associated with a negative excess 
entropy and a strong increase in the heat capacity. These anomalous 
thermodynamic effects have been explained by Frank and Evans with a model that 
is often referred to as the "iceberg model".35  According to this model the water 
surrounding the hydrophobic solute acquires a well-ordered (clathrate) structure 
(fig. 1-2b) that “melts” when the temperature increases. In contrast to the 




the organization of water surrounding hydrophobic groups is very different from 
bulk liquid water.36, 37 Interestingly, the orientational dynamics of water molecules 
surrounding hydrophobic groups were observed to be substantially slower than in 
bulk liquid water.38, 39 The origin and extent of the slowing down are currently 
under debate and will be addressed in this thesis. 
1.2.4. Vibrational spectroscopy of water dynamics  
In aqueous solutions of amphiphilic molecules only a minor fraction of water is 
near the interface with the solute. Most of the water is in the bulk-like 
homogeneous phase, which makes it hard to separate interface-specific from  bulk-
specific processes. A similar problem is present in almost all other heterogeneous 
molecular system. The complexity of the problem imposes strong requirements on 
the techniques suitable for studying the molecular dynamics. First, such a 
technique should selectively address only the minor interfacial fraction of 
molecules. Second, the time scale of the technique should be comparable to the 
timescale of the process under study and faster than the time needed for the 
equilibration between the interface and the bulk phase.  
The energy spectrum of the electronic and vibrational transitions is unique for a 
particular molecule and its particular environment. This energy spectrum can be 
studied by an optical probe, for example by looking at the optically allowed 
transitions with linear absorption spectroscopy.  
Isolated water molecules have three vibrational degrees of freedom. This means 
that any deformation of an H2O molecule can be represented by a linear 
combination of three fundamental vibrations: a symmetric HOH-bending and 
symmetric and asymmetric OH-stretching modes. The frequencies of these 
vibrations are well defined and can be determined optically because water 
molecules absorb infra-red (IR) light resonant with their vibrational frequencies.  
In the aggregated phase, the formation of hydrogen bonds (or any other interaction 
with the environment) alters the vibrational potential and shifts the frequencies 
which can be observed in the vibrational absorption spectrum (fig. 1-3c). Therefore, 
IR spectroscopy of H2O molecule is a sensitive probe for hydrogen-bonding in the 




Typically, changes in the environment observed in the absorption spectrum 
provide an opportunity to (optically) distinguish the subensemble of interest from 
the overall multitude of molecules. Nonlinear time-resolved optical spectroscopy 
allows monitoring the dynamics of the subensemble of interest. It also allows 
receiving information about a system (or process) before the system ‘forgets’ it due 
to equilibration. 
It is important to note that a number of specific properties of water originate 
from the intermolecular interactions between the molecular vibrations provided by 
the high density of OH oscillators and hydrogen-bond interactions. Relatively 
strong coupling compel molecules to behave collectively in the bulk phase, as 
becomes apparent, for example, from the excitonic character of water vibrational 
dynamics.40  
 Interaction between different oscillators dramatically affects the vibrational 
dynamics. Therefore, the evolution of vibrational frequencies observed in the 
nonlinear experiments on H2O no longer represents solely dynamics of the 
aqueous environment but also includes effects of energy transfer due to  inter- and 
intramolecular couplings. To avoid intermolecular coupling effects, experiments 
can be performed on isotopically diluted water, i.e. HDO in D2O, where only 
 
Figure 1-3. Vibrational modes of the H2O molecule (a) and schematic diagram of the vibrational 
potential with optically induced transitions shown by arrows (b).Panel (c) shows changes in the 




isolated OH groups groups serve as a vibrational probe for the surrounding and 
most of the water molecules possess OD groups (shifted in frequency by ~1000 cm-
1) which are not resonant with the OH probe. Although, such experiments allow a  
straightforward interpretation of the isolated OH vibrational dynamics , it remains 
unclear how the dynamics of isotopically diluted H2O  is different from ‘neat’ H2O.   
1.3. Donor-acceptor blends of conjugated polymers  
The present section introduces the concept of plastic photovoltaics and particularly 
focuses on the charge photogeneration processes which occur in the active layer of 
the solar cells.  The optical probes for the charge dynamics are also discussed. 
1.3.1. Plastic solar cells  
The ever growing energy consumption and as a consequence greenhouse gas 
emission41, inspired in the last decades an active search for novel sustainable 
energy sources. A prime source of renewable energy is the Sun. The Sun provides 
the Earth with approximately 104 times more energy than is consumed by 
mankind. This highlights solar energy research as a field with unlimited 
opportunities. For example, a squared area with a side of ~1000 km (that’s less 
than 10% of the Sahara surface) covered with 10% efficiency solar cells can fulfill 
all our current energy demands. 
Unfortunately, silicon and other inorganic semiconductors are not cost-efficient 
for production of large-surface photovoltaic cells. The main reason for this is an 
inherently demanding technology which involves large amounts of well purified 
materials, vacuum deposition, etc. A promising alternative is the development of 
solar cells that utilize organic molecules (and particularly conjugated polymers) in 
the active element.42 Organic materials are relatively cheap when produced in 
large amounts and do not require high vacuum and low temperatures for 
modification. Organic molecules are easily soluble and, therefore, photovoltaic 
devices can be processed from solutions by relatively simple technologies like ink-
jet printing or spin coating. Being only ~100 nm thick, organic solar cells are 
flexible and contain only 1 gram of material per 10 m2 of the photovoltaic 
component. Finally, organic molecules are easy to modify which makes the color 
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(absorption region), exploitation conditions, and other properties of the cell, 
variable. Because of all these potential advantages, plastic photovoltaics have been 
extensively developed for the last two decades 43-45 and, currently, up-to-date 
polymer solar cells reach a level of ~7% energy conversion efficiency upon 
illumination with sun light.46, 47 This efficiency is already close to the commercially 
applicable level. However, the life span of the cells, open-circuit voltage and 
energy conversion in the near infra-red IR part of the solar spectrum are to be 
improved.42 
1.3.2. Principle of plastic solar cell 
Organic semiconductors, which can be used for photovoltaic applications, 
mostly are conjugated (macro)molecules – polymers and fullerene derivatives. 
Such molecules have a framework of carbon atoms solidly linked to its neighbors 
with a pair of strong s-bonds. Every carbon atom donates one electron to the p-
orbital that is relatively dispersed in space.2 Overlap of p-orbitals belonging to 
different carbons allows p-electrons to delocalize along the conjugated part of the 
molecule. This generates electroconductivity along the polymer chain and 
formation of a “band structure” comparable to that in inorganic semiconductors.  
A typical plastic solar cell44 has a layered structure involving a glass or plastic 
substrate, transparent bottom electrode, active layer and metal top electrode (fig. 1-
4a). The most relevant processes for cell performance occur in a few hundred nm 
thick active layer containing well structured blends of organic semiconductors. The 
other layers only serve to facilitate the extraction of harvested charges from the 
active layer interface by providing an energy gradient.       
The principle of light-to-charge conversion in organic-based solar cells is 
different from that in the widely used inorganic devices.45 Upon excitation of a 
molecule in the active layer, an electron is transferred from its highest occupied 
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) 
(fig.1-4b). However, the electron in the LUMO and the hole in the HOMO do not 
separate immediately (as they do, for example, in Si cell) but form a tightly-bound 
charge pair, usually, referred to as localized (Frenkel) exciton. Important to note, 
the use of the term ‘exciton’ for conjugated macromolecules does not implicate any 




To produce a photocurrent, the charges should be put apart with an energy 
gradient of about 0.1-1 eV. For this, the light-absorbing material (usually electron 
donor) is mixed with an electron acceptor with a lower placed LUMO level. If the 
energy difference is sufficient, an ultrafast (~50 fs for most used materials)45 
photoinduced electron transfer occurs and charges find themselves at different 
molecules. An alternative scenario is possible when excitation of the acceptor is 
followed by electron transfer between the HOMO levels.48, 49 Such a process, 
usually called ‘hole transfer’, is increasingly discussed in the last years as an 
important route next to electron-transfer type charge separation. Surplus electron 
or hole density on the polymer induces local distortion of the conjugated chain that 
propagates with the charge.2 Such an effect is known as a polaron – a quasi particle 
(charge plus distortion) that has a specific effective mass for every type of material 
and sign of the charge. Dissociation of excitons into polarons is followed by charge 
transport to the electrodes. During transport electrons can hop between acceptor 
(and holes between donor) molecules until they arrive at the electrode (fig.1-4a).   
The described mechanism of light-to-current conversion in organic solar cells 
emphasizes the importance of morphology to device performance50, 51. On the one 
hand, donor and acceptor molecules in the material have to be close to one another 
in order to provide exciton dissociation into free charges. On the other hand, donor 
and acceptor should partly segregate to enhance hopping mobility of the separated 
charges. For this reason, in the most widely-used and effective organic solar cells, 
 
Figure 1-4. (a) Schematic illustration of a bulk-heterojunction solar cell. Arrows show dynamical 
processes in the cell: exciton (E0) diffusion, dissociation into a pair of charges and following 
electron (e-) and hole (h+) transport to the electrodes. (b) One-electron band diagram of the donor-
acceptor blend. Solid lines represent optical excitation and dashed lines show electron-transfer 
(ET) or hole-transfer (HT) processes. 
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light is harvested and converted to electricity in a “bulk-heterojunction” active 
layer composed of interpenetrating networks of electron donor and acceptor 
molecules.51, 52 In the best devices, conjugated polymers, for example, MDMO-
PPV53 or P3HT,54 are used as a donor and soluble fullerene derivatives are typically 
used as an acceptor. 
1.3.3. Charge separation at the donor-acceptor junction  
The dissociation of an exciton into a pair of free charges is the initial step in light-
to-current conversion (fig. 1-5). This process occurs at the a (sub)picoseconds 
timescale and puts an upper limit to the internal quantum efficiency of a 
photovoltaic device. The charge separation process can be followed by 
recombination on a ps timescale or by transport of charges to electrodes (up to ms). 
Because of the Coulomb interaction between the electron and the hole, exciton 
dissociation is energetically favorable only at the donor-acceptor junction which 
makes charge separation an inherently interface-related process. The photophysics 
going on at the interface is complex, material specific and, currently, not well 
understood. For example, one intensively debated question is – how different 
energy levels of donor and acceptor molecules at the junction are from those in the 
“pure” material. On the one hand, local changes in the energy of HOMO and 
LUMO levels can introduce additional energy gradient during the photon-to-
charge conversion. On the other hand, such changes can provide an energy 
gradient which facilitates charge separation.55 Particular properties of interfacial 
molecules can be promoted by a number of factors, e.g. local dielectric 
environment, morphology or specific chain geometry. Moreover, interesting and 
 





crucial effects can originate from partial ground-state charge transfer between 
donor and acceptor molecules.  
The charge dynamics in donor-acceptor blends is very sensitive to the interaction 
between donor and acceptor. In case the overlap between the ground-state 
electronic wave function of donor and acceptor is negligible, the charge separated 
state can be reached only through the excited state of donor (or acceptor) molecule. 
The increase in donor-acceptor interaction leads to partial mixing of ground state 
wave functions - so called charge-transfer complex (CTC) formation. In this case, 
charge separation can be reached directly after excitation from the CTC ground 
state (which is mostly donor ground state) to the CTC excited state (which is 
mostly acceptor excited state).56, 57 
 Since the early 90’s, when the first polymer based bulk-heterojunction solar cells 
were made, the general paradigm treated polymer-acceptor blends as simple 
mixtures of weakly-interacting donor and acceptor molecules.58 However, such a 
point of view contradicts a number of experimentally observed phenomena. For 
example, an unexpectedly high yield of free charges after photoexcitation55 and 
fluorescence quenching is much easier to explain assuming partial charge transfer 
at the donor-acceptor interface. Half a decade ago, the first experimental evidence 
of CTC formation was presented for the widely used polymer-fullerene blends59 
and for mixtures of a conjugated polymer with low-molecular-weight organic 
acceptors.60, 61 According to the current understanding, although polymer-fullerene 
CTCs are weak, which made them unnoticed in the early studies, their electronic 
states are important intermediates on the way from excitons to free charges.62 , 63, 64 
For instance, charge photogeneration in polymer-fullerene blends occurs mostly 
via an intermediate state(s) at the polymer-fullerene interface 65-68. The donor-
acceptor blends in efficient organic solar cells are phase-separated. This provides 
three manifolds of electronic states associated with the donor (polymer), acceptor 
(fullerene), and their CTC. As a result, formation of free charges in polymer-
fullerene blends takes place in at least two steps with the second one including the 
charge transfer from the CTC to the “pure” material phase.  
Polymer CTCs attracted additional interest due to their specific properties that 
can be useful for photovoltaic applications. Mixing of the donor and acceptor 
frontier molecular orbitals in the CTC results in a new absorption band (the so-
called charge–transfer band) in the optical gap of both the donor and acceptor 
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components.56 This effect potencially extends the material absorption into the low-
energy side providing a better overlap with the solar spectrum. Moreover, CTC 
photoexcitation corresponds to the immediate shift of electron density to the 
acceptor, 57 i.e. direct formation of an intermolecular charge pair. Therefore, 
intramolecular exciton generation becomes totally blocked in CTCs. This is a 
critical issue for the energy transport 69 and for the photooxidation stability of the 
material.70  
The time gap between a photon absorbed and the moment when charges leave 
the ‘parent’ D-A pair (or recombine) is quite narrow – hardly longer than 100’s of 
ps. The effect of the CTC on the performance of a photovoltaic device will be 
mainfest in this period of time – before charges diffuse from the interface into 
donor and acceptor domains.  For this reason, time resolved (sub)ps studies of 
charge dynamics in CTCs are of clear importance for the understanding of 
photovoltaic convertion processes. However, such ultrafast photophysics studies 
have not been reported. To pick out and emphasize the main peculiarities of CTC 
photophysics, we applied ultrafast spectroscopy to study charge dynamics in the 
easily observable CTCs between the archetypical polymer MEH-PPV and low-
molecular-weight organic acceptors. We have also extended the study to the case 
of multistep charge separation by doping CTC with fullerene and tracing CTC-
fullerene electron transfer. Processes in such a model ternary mixture mimic the 
charge generation mechanism in other donor-CTC-acceptor systems, for example, 
polymer-fullerene blends. Finally, we studied charge separation in the polymer-
fullerene blend after fullerene excitation. The ultrafast ~30 fs charge generation 
time observed in the experiment suggests that CTC states are also involved in this 
process.  
1.3.4. Two-color spectroscopy of charges on conjugated polymer  
Optical spectroscopy appears to be an outstanding probe for charge dynamics in 
conjugated polymers. It was observed that upon chemical doping, surplus charge 
on the polymer induces chain deformation and changes appreciably the 
distribution of electron density.58 Such perturbation, first, breaks the symmetry of 
the chain and makes a few optically-prohibited vibrational transitions active (the 




to additional interaction with surplus charge. This promotes new allowed states in 
the band gap (fig. 1-6a) and leads to the formation of new absorption bands in the 
near and middle IR spectral region (fig. 1-6b).72 These charge-associated absorption 
features are usually called low-energy (LE) and high-energy (HE) polaron bands. 
Photoinduced absorption (PIA) spectroscopy is a technique based on photodoping 
of the polymer in the sample with subsequent monitoring of the charge dynamics 
by probing IRAV, HE, or LE absorption. 
The LE band is the most suitable one for optical detection of induced charges. On 
the one hand, it is not contaminated by responses of different nature, e.g. 
stimulated emission, electroabsorption, triplet-state excitation, or ground-state 
bleaching 73 as the widely exploited HE band might be. On the other hand, unlike 
the IRAV bands, it lacks absorption originating from the ground-state vibrational 
modes of the polymer, thereby, allowing for background-free measurements.  
Additional opportunities of LE PIA spectroscopy emerge from the fact that the 
orientation of the LE transition dipole is notably correlated with the orientation of 
the excitonic absorption dipole of the polymer chain (similar to the HE band 74, 75). 
Being initial nonzero, the distribution of LE transition dipole moments should 
change as photoinduced charges move from the parent molecule to another one 
with a different dipole moment orientation. Therefore, measurements of dipole 
moment distribution can address a number of processes that are connected to the 
dynamics of charges, rather than to a change in their concentration. For example, 
polarization-sensitive PIA experiments (see below) provide information on charge 
and energy transfer among conjugated segments of the polymer.  
 
Figure 1-6. (a) Band diagram for neutral and charged states of conjugated polymer. HE and LE 
stand for low-energy and high-energy charge associated transitions. (b) Optical signatures of 
charge on the MEH-PPV polymer observed after photodoping of MEH-PPV/C60 blend. 
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1.4. Nonlinear spectroscopy 
1.4.1. Time-resolved pump-probe spectroscopy  
Linear spectroscopy provides information about the equilibrium situation, by 
accessing the distribution of states in the system. Nonlinear spectroscopy can 
supply information about evolution of the system from noequilibrium to 
equilibrium state. In nonlinear spectroscopy experiments, the sample is first 
brought into a non-equilibrium condition by optical excitation and then the 
induced differences are detected by an optical probe. If pulses of light are utilized 
in the experiment, the time separation between them corresponds to the time the 
system has been evolving towards equilibrium, allowing to track in time the 
corresponding dynamics.(fig. 1-7) In this thesis we utilized two types of nonlinear 
time-resolved spectroscopy: vibrational spectroscopy of water and electronic 
spectroscopy of charges on the conjugated polymers.     
The most used type of time-resolved IR technique is pump-probe spectroscopy. 
In experiments on water, first, a subensemble of molecules is ‘labeled’ by optical 
excitation of vibrational or electronic transition with an intense light pulse (pump). 
After a delay time T, a weak second pulse (probe) tracks the changes in the sample 
absorption introduced by the pump pulse (fig. 1-7).  
The response in the case of vibrational spectroscopy of water can be well 
approximated by the response of a three-level system with minor anharmonicity. 
During excitation, some water molecules will be transferred from the ground to the 
first excited state (fig. 1-3b) and will not absorb light at the same frequency any 
more, which will result in bleaching of the sample at the frequency of excitation (0-
1 transition).  However, a transition from the first to the second excited state 
becomes possible for the excited subensemble, which allows additional absorption. 
Due to anharmonicity of the vibrational potential, the frequency of the 1-2 
transition is lower then of the 0-1 transition, which shifts the induced absorption 
from the induced bleaching (fig. 1-3b).  In the case of polymer electronic 
spectroscopy, the excited state (polaron) transitions have energies very different 





The evolution of the induced bleaching/absorption amplitude with the delay 
time provides information about the lifetime of the excited state. In the time-
resolved PIA experiments on LE band, the lifetime is closely connected to the rate 
of charge recombination. In vibrational spectroscopy, any match in the frequencies 
of high and low energy vibrational modes facilitates the relaxation. Therefore, the 
lifetime usually is inversely proportional to the amount of fluctuations and density 
of low-frequency modes in the environment.  Although conclusions based on the 
vibrational-lifetimes are indirect, such experiments usually can point out the 
presence of different subensembles (inhomogeneity) within the system, which 
provides an important starting point for further analysis. In polarization-sensitive 
pump-probe experiments, the polarization of the probe beam is rotated relative to 
that of the pump. This allows deduction of the rotational dynamics of the 
vibrational dipole moment from pump-probe traces and, therefore, provides 
information on the (average) reorientation of the water molecules. 
The transition cross section is not likely to change substantially with time and, 
therefore, s can be considered a constant (see also a detailed discussion in Chapter 
5). Under a specific mutual orientation of pump and probe (θ = 54.70, the ’magic 
angle’ for a homogeneous 3D distribution of dipoles), the third term becomes 
depolarization (i.e. time) independent. Therefore, the response is only proportional 
to the concentration of molecules in the excited state after time t:    
),()()()( tCttNtT θσ ⋅⋅=∆       (1-2) 
Figure 1-7. Conceptual representation of time resolved pump-probe spectroscopy.  
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The transition cross section is quite unlikely to change substantially with time 
and, therefore, s can be considered a constant (see also detailed discussion in 
Chapter 5). Under specific mutual orientation of pump and probe (θ = 54.70, a 
’magic angle’ for homogeneouse 3D distribution of dipoles) the third term 
becomes depolarization (i.e. time) independent. Therefore, the response is 
proportional to the concentration of molecules in the excited state after time t:    
)(~)( tNtTIso∆        (1-3) 
If the excitation (nonequilibrium state) can not escape the probe volume (which 
is usually true at the sub(ns) time scales) and if there is no additional source of 
excitation next to the excitation pulse, the population of the excited states will 
monotonically decrease in time. This will be directly observed in the response as a 
decay of the absorption or/and bleaching. 
Alternatively to ‘magic angle’ measurements, the isotropic response can also be 
reconstructed from measurements with parallel and orthogonal pump and probe 
polarizations. Assuming a random spatial distribution of dipoles, it is possible to 
complement isotropic signals with the anisotropy of the response )(tr :76 
3
)(2)()( || tTtTtTIso ⊥
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⊥        (1-5) 
Here ||T∆  and ⊥∆T  stand for the relative transmission changes for the parallel 
and perpendicular components of the probe, respectively. For noninteracting 
dipoles in an isotropic medium, the anisotropy decays from its initial value of 0.4 
to 0, when the orientations of the dipoles are completely scrambled by, for 
instance, motional dynamics. In the isotropic signal, the effect of the dipole 
reorientation is completely removed thereby showing only population relaxation. 
1.4.2. Correlation 2D spectroscopy  
As mentioned before, the vibrational frequencies of water are quite sensitive to 
the interaction of the molecules with their surrounding. Therefore, optical tracking 




the local aqueous environment, such as, hydrogen-bond network rearrangements, 
chemical exchange, and water mediated charge transport. The state-of-art tool for 
revealing frequency dynamics is two-dimensional (2D) spectroscopy, which is the 
optical analog of the well-known nuclear magnetic resonance correlation 
spectroscopy (COSY).77 
 In a 2D experiment, a pair of optical pulses creates in the sample a spatially- (fig. 
1-8a) and frequency-modulated (fig. 1-8b) population grating,78 with the finesse 
determined by the pulse separation t. This grating evolves for a waiting time T 
during which environmental fluctuations in the sample wash out the fringes (in 
the frequency domain). The second pulse pair is scattered from the remaining 
population grating (both in time and frequency domains) producing a ‘photon 
echo’ (PE) signal (fig. 1-8). The degree of overlap, or correlation, between the two 
spectral gratings, will affect the spectrum and amplitude of the signal. Therefore, 
the signal is determined by the extent of changes in the sample during the waiting 
time T. The dependence of the sample response on the excitation frequency w1 is 
obtained by collecting many experiments in which t is varied, followed by Fourier 
transformation. The probing frequency axis w3 is obtained by a frequency-resolved 
interferometric superposition of the echo signal with a fourth laser pulse which 
acts as a local oscillator in a heterodyned experiment. 
 
Figure 1-8 Layout of a 2D correlation experiment (a) and projection of the experiment on the time 




 The results of correlation experiments are usually presented as a sequence of 2D 
maps corresponding to different waiting times of the system evolution. The 
amplitude of a 2D spectrum in the point (w1, w3, T) corresponds to the response of 
the sample at the frequency w3 in a time-period T after the excitation at frequency 
w1 (fig. 1-9a). In this respect, each of the maps (w1, w3) can be read as a set of pump-
probe spectra corresponding to the delay time T with different frequencies of 
excitation pulse. For this reason, the integral of the 2D spectrum over the w1 axis 
reproduces the pump-probe spectrum at the corresponding delay time measured 
with a broadband excitation pulse. 
 
Figure 1-9. Peak shapes observed in 2D IR correlation spectroscopy: 2D spectrum of an ensemble 
of three-level systems (a), containing a bleaching(red) peak from a 0-1 transition at the diagonal 
line and an absorption (blue) peak from a 1-2 transition (shifted down).(b) Two transitions A and 
B are observed and cross peaks AB and BA that  arise from intermode coupling/chemical 
exchange.(c) Evolution of the shape of a 2D peak associated with an inhomogeneously broadened 




The response of an ensemble of slightly different two-level systems will be 
observed in the correlation spectrum as a bleaching (positive) peak at the diagonal 
of 2D map. Similarly to the case of pump-probe spectroscopy, for a three level 
system (fig. 1-3b), an additional induced-absorption (negative) peak can be 
observed below the bleaching shifted by the anharmonicity value (fig.1-9a). The 
system under investigation can include more than one subensemble of oscillators 
with various vibrational frequencies. In this case, when oscillators are coupled or 
interchangeable, additional off-diagonal ‘crosspeaks’ will form (fig. 1-9b).79, 80 
Unlike in the case of 2D spectroscopy, pump-probe experiments can contrast the 
cross peak only by using narrow bandwidth excitation which puts a severe 
limitation on the time resolution.  
In the intermediate situation of a single but inhomogeneously broadened 
subensemble, the bleaching peak will be stretched along the diagonal and the 
degree of the stretching (elipticity) will correlate with the degree of heterogeneity 
(fig. 1-9c).81 With increasing waiting time, environmental fluctuations will sweep 
the frequencies of oscillators, thereby changing the shape to a more round-like one. 
After equilibration, the distribution of states becomes independent of the excitation 
frequency and the 2D peak will acquire a round shape. Quantitative information 
on the spectral dynamics can be extracted from 2D spectra by plotting the 
frequency w3,max of the maximum probe response as a function of the excitation 










=        (1-6) 
When the slope has its maximum value of 1, the excitation and probing 
frequencies are fully correlated; when the slope becomes equal to zero, the 
correlation has completely decayed.     
1.5. Scope of the Thesis 
This thesis consists of two parts addressing the dynamics in two different classes of 
interface-specific molecular systems. Chapters 2-4 discuss the dynamics in the 
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hydration shells of (bio)molecules and Chapters 5-7 focus on the charge dynamics 
in blends of conjugated polymers with organic acceptors. 
In Chapter 2 we introduce reverse micelles as a model system for nanoscopic 
water in the proximity of anionic lipid interfaces. Femtosecond pump-probe 
spectroscopy in the OH-stretching region of H2O reveals that the aqueous 
environment of the reversed micelle partitions into two molecular sub-ensembles: 
a bulk-like water core and a hydration layer near the ionic surfactant head groups. 
The core of the encapsulated water droplet is similar in its spectroscopic properties 
to bulk liquid water. In contrast, environmental fluctuations and intermolecular 
energy transfer are found to be suppressed in the interfacial regions of water 
nanodroplets indicating that the hydrogen-bond network near the anionic-lipid 
interfaces is strongly disrupted.  
Chapter 3 extends the study reported in Chapter 2 by looking at the dynamics of 
the vibrational frequencies of water. For this we use 2D IR correlation spectroscopy 
on the OH-stretch modes of H2O and HDO:D2O confined in 1-2 nm small reverse 
micelles. We show that, near the water-lipid interface, water molecules are 
decoupled from one another as well as from the bulk-water core. In striking 
contrast to bulk water, vibrational transitions of water near the lipid interface 
preserved phase memory on an exceptionally long (ps) timescale. This implies an 
almost “frozen” OH-bond environment as well as negligibly small intermolecular 
couplings between the H2O molecules within the interfacial water layer. These 
results provide a new perspective on the interaction between biological entities like 
membranes or proteins with the surrounding water bath. 
In Chapter 4, we apply 2D IR spectroscopy to investigate the dynamics of water 
molecules near amphiphilic solutes with large hydrophobic moieties. We observe 
that the hydrophobic groups induce a dramatic slowing down of the hydrogen-
bond dynamics of the solvating water molecules. This change in dynamics  
correlates with a dramatic decrease of the orientational and translational mobility 
of the water molecules. We conclude that the molecular jumping mechanism that is 
responsible for the reorientation in bulk liquid water, is switched off in the 
hydrophobic hydration shell. 
Chapter 5 introduces conjugated polymer based CTCs and their potential for 
solar cell applications. First, we discuss the opportunities of PIA spectroscopy for 




ultrafast optical study of CTCs between the archetypical conjugated polymer 
MEH-PPV and low-molecular-weight organic acceptors. We observed that 
photoexcitation in the absorption band of either the CTC or the polymer results in  
a ~100% efficient sub-100 fs generation of strongly localized charges, followed by a 
fast and pronounced geminate recombination. The measurements on the CTC-
based photodiodes support the conclusions of the ultrafast studies. 
In the Chapter 6, we propose a method to decrease the unwanted charge 
recombination observed in the CTCs. We show that recombination is efficiently 
suppressed in blends of some CTCs with C60 by a consecutive electron transfer 
from the CTC-acceptor to the fullerene. The long-time (ms-to-ms) behavior of 
charges in the CTC-based materials confirms the conclusions of ultrafast studies, as 
demonstrated with continuous wave (cw) optical and photocurrent techniques. 
Chapter 7 is devoted to the charge dynamics in the polymer-fullerene blends, 
where CTC effects are much less pronounced. Particularly, peculiarities of the 
acceptor excitation and hole-transfer process are discussed. We show that the hole-
transfer time is extremely fast (~30 fs), similar to electron transfer processes. We 
also illustrate that the morphology of the blend can strongly affect the charge 
dynamics...   
Finally, the Summary reviews the main results of the thesis on a level suitable for 
a non-expert. 
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